The management of back reflections and leakage through the Pockels cell and polarizer switch in the National Ignition Facility (NIF) beamlines requires robust beam dumps that can operate unattended for thousands of shots within the confines of the vacuum spatial filters. Off-line experiments and modeling have been used to investigate the use of metal for these beam dumps. We conclude that a stainless steel beam dump will have sufficient lifetime and will safely absorb fluences in the required range, from 1 J/cm2 to 4 kJ/cm2, at I pm.
INTRODUCTION
The NW laser architecture must accommodate efficient trapping of unwanted beams that have their origin in Pockels cell leakage and target andlor pinhole backreflections. Since the NIF architecture uses angle multiplexing to make multiple passes through the final amplifiers, certain locations are appropriate for separation of unwanted beams from the main laser beam. These are within the vacuum spatial filters at and near the pinhole planes. Consequently, the fluences which the dumps must absorb are quite large, beyond the damage threshold of optical materials. We have used off-line tests, modeling results, and NOVA shots to develop a robust beam dump concept for NW, capable of operation at more than 4 kJ/cm2 and having a lifetime greater than 1000 shots.
The origin of the unwanted beams and the location of the required beam dumps can be seen in the schematic of the NW architecture shown in Figure 1 
Back reflections
Output injected near the pinhole plane of the transport spatial filter (TSF). It then passes through the booster amplifiers into the 4-pass cavity by reflection from a polarizer. The Pockels cell is activated to keep the beam in the cavity for four passes through the cavity amplifiers before it is deactivated to return the main beam to the booster amplifiers. The combined performance specifications of the polarizer and Pockels cell allow 0.01% leakage into the cavity after the fourth pass. The path of the residual beam in the cavity, which makes a fifth pass after the main beam is sent out, is shown in Figure 1 , where it is drawn below the path of the main beam. Since each pass is separated from the adjacent pass by a small angle, on the order of 1 mrad, the residual beam is directed toward a new location in the cavity spatial filter pinhole plane, and it has its own pinhole. The required beam dump will be located just beyond this pinhole.
The portion of the main beam which is back-reflected at the target, along with that which is back-reflected from the output pinhole of the TSF, can return along the outgoing path in the outgoing polarization state. After completing a round trip through the booster amplifiers and the cavity amplifiers, such a beam will arrive at a displaced position in the pinhole plane of the TSF. We designate this location as the pass 3 pinhole. This path is shown in Figure 1 , displaced above the main beamline. The back-reflection beam dump will be located just beyond this pinhole.
In order to specify the performance requirements of these beam dumps, we must estimate the energy contained in the unwanted beams and the spatial volumes available for the dumps. To ensure that the beam dump does not obstruct other beam lines, we have imposed an exclusion zone of minimum width 5 mm between adjacent beams, as indicated in Figure 2 . Thus the dumps should be located as far from the pinhole plane as possible in keeping with this constraint, to minimize the fluence of the leakage or back-reflected beams on the dump.
In the case of the leakage dump for pass 5, the expected energy is determined from the performance specifications of the Pockels cell and polarizer. These permit a maximum leakage of .01% into pass 5. The worst-case scenario would result in 150 J leaking into pass 5. Although this full energy is not expected on every shot, some leakage energy will inevitably arrive on every laser shot.
In the case of the back-reflection dump in the TSF, it is necessary to make an estimate of the possible energy that may be reflected from the output spatial filter pinhole or the target. Calculations indicate that a 0.1% back-reflection will produce 2.5 kJ in this location. Since back-reflections from pinholes will occur only in the case of a major misalignment, and target reflections at 1w are judged to be unlikely, this beam dump is not expected to receive appreciable energy on every shot.
The geometry near the pinhole plane of the vacuum spatial filters is indicated schematically in Figure 2 , where d is the spacing between adjacent pinholes. In principle, 903 pinhole plane Table 1 These fluence estimates, along with the requirement of survivability without maintenance for at least 1000 shots, provide the design requirements for the beam dumps.
Since there are no known optical materials that have optical damage thresholds in the predicted range of fluences, we have chosen to use metals. Our approach has been to rely primarily on off-line small-scale tests, along with modeling, to develop a feasible design. The experiments were also designed to measure potential contamination of components in the spatial filters.
EXPERIMENTS AND MODELING
We used off-line tests to determine the amount of material ablated, and the spatial distribution, from a sample beam dump. These tests utilized a solid state laser system' of wavelength 1.053 pm, operating at I Hz with 20 J per pulse. The pulse width was 16 ns FWHM, and the beam was 1.2 times diffraction-limited. The beam area on target ranged from 1 mm x 1 mm to 4 mm x 4 mm, with the area selected to achieve the desired fluence.
Samples were mounted in a vacuum system operating in the range of l0 torn The angle of incidence was 450 in some cases and 60° in others. At the end of a run, the material lost by the sample was determined by weighing, and the result was checked with a microscopic measurement of the ablated volume. An arrangement of glass microscope slides surrounding the beam dump was used to collect ablation products throughout a run, which typically consisted of 1000 shots. The slides were masked to produce a sharp step between the deposited material and the masked, clear slide. A stylus profilometer was used to determine the thickness of the deposited layer as a function of angle from the surface normal.
The selection of potential beam dump materials was guided by the results of calculations, described below, which indicated that stainless steel, tantalum, and tungsten would ablate less than 1 im for fluences below 1 kJ/cm2. Also initially considered was aluminum, but it was predicted to yield excessive removal of material.
The ablation of electropolished stainless steel, type 304, was measured over four orders of magnitude, from 1 J/cm2 to 10 kJ/cm2. All of the data for stainless steel, Referring to the stainless steel predictions in Figure 3 , we see that the behavior falls into three regimes. For fluences up to about 10 i/cm2, the ablation increases rapidly with fluence. Between 10 i/cm2 and 100 i/cm2, the ablation remains nearly constant.
Thereafter it slowly increases. In the first regime, light arrives at the surface practically unimpeded by the vapor, and ablation is quite efficient. Absorption depends on intensity rather than fluence itself, and appreciable absorption typically begins for intensities, normal to the surface, above 108 W/cm2. In this experiment, this corresponds to a fluence of about 10 J/cm2, explaining the first knee in the curve. Between this point and 100 J/cm2, an increased fluence is predicted only to deposit more energy in the vapor, with a fixed amount striking the surface. At higher fluences, though, the vapor becomes sufficiently ionized for electron thermal conduction to carry appreciable energy to the surface. This is the mechanism responsible for the final rise in the curve.
Experiment shows a sharp rise for low fluences, followed by a slow but steady increase. We interpret this as evidence of the first and third regimes, without a pronounced transition regime of constant ablation. In addition, calculated ablation depths exceed experiment by a factor ranging from 1 .5 (at the lowest calculated point), to 20 (near 10 J/cm2), to 3 (at the highest fluence). This disagreement is hypothesized to be caused by plasma effects which are still under study. As regards the material dependence, the model predicts that heavy metals such as tantalum and tungsten should ablate less than stainless steel. This behavior is consistent with the higher melting temperature and vaporization temperature, at a given pressure, of heavy metals. Experiment, however, indicates the opposite dependence. The reason is also under study.
In addition to ablation, another consideration in the long-term survivability of the bean dump is the possibility of catastrophic failure from laser-induced shock damage. This issue was also addressed with calculations and experiments. For a single shot at 10 id/cm2, calculations predicted that a wall thickness of 2 mm would be sufficient to reduce the shock wave magnitude from its initial value, which could be large enough to exceed the yield strength of the material, to the 5 kbar range, which is within the elastic wave regime of stainless steel. The results from the calculations were benchmarked with full-scale shots on the NOVA laser at 3 and 10 id/cm2. For the 1.5 mm thick samples used in these shots, there was no indication of material rupture on the back surface, in reasonable agreement with the calculations. For comparison, a single shot at 0.527 im at 14 id/cm2 was found to leave a laser beam imprint on the back surface of a 1.5 mm thick stainless steel sample.
Another requirement of the beam dump is that it must not contaminate optical surfaces in the vacuum spatial filter assembly. We assume that all internal optics are Angle from surface normal [O] slides was mirror-like and adhered so well that it could not be removed by wiping. If the slide was located too close to the source the deposited material was granular and had a tendency to flake. For these experiments this distance was about 10 cm, but we expect the distance to increase for larger beam areas on the dump surface. Deposits were found only in areas with a direct line of sight to the target.
From these results, a worst-case prediction of the thickness of deposited material on the spatial filter lenses can be made. We assume that there are no collisions, that the surface normal is at +600 to the incoming beam, that the ablated distribution is independent of the beam area, and that all material outside the solid angle of the lens is stopped by the beam dump geometry. For the CSF and TSF, whose focal lengths are 1200
and 3000 cm, respectively, the data in Figure 4 indicate the following:
thickness/shot on the CSF lens: (1/1200)2 x 2 nm x (0. 125/0.002)= 8.7 x i0 nm thickness/shot on the TSF lens: ( 1/3000)2 x 2 nm x (0.625/0.002)= 6.9 x i0 nm.
The first factor in parentheses assumes an inverse square law dependence, and the second assumes the quantity of ablated material scales directly with the beam area. Therefore a layer of less than 10 nm will be deposited per shot at the maximum expected fluence for either lens. Since this is less than a monolayer, it is expected to pose no threat to the optics. The residual vacuum in the spatial filters will be about 0. 1 mtorr, which translates into a mean free path of approximately 50 cm. Since an ablated particle will undergo an average of 24 and 60 collisions, respectively, on the way to the CSF lens and TSF lens, we can expect the above thicknesses to be overestimates.
CONCEPTUAL NIF DESIGN
These measurements, along with observations of the morphology of the deposits on the slides, provided the basis of the design of a suitable beam dump to be used in the NIP spatial filters. The basic design philosophy is to build a collecting box about the intercepting surface which collects all ablated material except that which is emitted with a direct line of sight to the lens, as shown in Figure 5 . The intercepting surface normal will be at least 60° from the beam 909 Figure 5 . Schematic of beam dump concept. direction and will be fabricated of stainless steel with a thickness of 1 cm. The rest of the box is also constructed ofstainless steel, with 1-mm thick walls. The entrance hole must be sufficiently large to allow easy alignment.
The first collecting surface wifi be located ten or more centimeters from the intercepting surface to insure that ablated products adhere to the surface and are collected.
Since there was no evidence that the ablation products reach beyond the line of sight, it is expected that the containment volume will entrap all the ablation products except those directed back along the beam path. For low-fluence shots, for which the vapor does not absorb the laser pulse, the box geometry will contain the laser pulse with multiple reflections. Escaping laser photons then offer no threat.
CONCLUSIONS
Off-line experiments have demonstrated the viability of a stainless steel beam dump for use at fluence levels up to 10 kJ/cm2. The experiments are partially understood on the basis of modeling. Estimates obtained from experimental distributions suggest that there wifi be inconsequential contamination of the spatial filter lenses. The proposed dump geometry will minimize the contamination of nearby components, remain intact for thousands of shots, and require no maintenance.
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